Abstract Rattan-based silicon carbide (R-SiC) ceramics, R-SiC SiO2 and R-SiC Si , were successfully prepared from silica (SiO 2 ) sol and silicon (Si) powder, respectively. The rattan powder was impregnated, respectively, with SiO 2 sol at ambient temperature and liquid melt-Si at high temperature. This was followed by one-step direct pyrolysis at 1500°C under an argon (Ar) atmosphere. The final SiC samples were analyzed using mass analysis, X-ray diffraction (XRD), X-ray fluorescence (XRF), Fourier transform infrared spectroscopy (FT-IR), scanning electron microscope (SEM), energy dispersive X-ray analysis (EDAX), and nitrogen (N 2 ) physisorption techniques. Experimental results showed that the mass residual of R-SiC Si (42.56 wt%) was almost equal to R-SiC SiO2 (42.45 wt%). However, R-SiC SiO2 had a higher yield of SiC, a higher specific surface area and a more intact porous morphology preserved from the rattan biomass. In addition, some rod-like SiC whiskers and tablet-like SiC particles were found in R-SiC SiO2 . By comparison, R-SiC Si had a large amount of unreacted Si, as well as certain amount of SiC and unreacted C. Thus, it can be concluded that SiO 2 sols are more appropriate for use in preparation of SiC from rattan, whatever the porous microstructure, yield, and purity of SiC.
Introduction
Silicon carbide (SiC) ceramics have a wide variety of potential applications due to their excellent performances, such as extremely high hardness, high thermal resistance, high chemical stability, good mechanical properties, and good electronic properties [1] [2] [3] [4] . Several studies have reported the preparation of SiC ceramic derived from naturally occurring plant biomass, such as wood, bamboo, and agricultural waste [5] [6] [7] [8] [9] [10] . Naturally, occurring plants have complex hierarchical pore structure due to long-term genetic evolution and optimization [11] . The specific pore structure can provide the access passage, storage space, and reaction space for external silicon (Si) sources. These structures can be preserved in the final SiC ceramic samples. In this way, plant-based SiC ceramics both possess unique biomorphic porous construction and traditional ceramic properties, having attracted much attention and led to extensive research.
In general, plant-based SiC ceramics can be prepared from different Si sources via two main routes, which are direct carbonization of Si [11] [12] [13] and carbothermal reduction of silica (SiO 2 ) [14, 15] . The direct carbonization of Si contains liquid Si infiltration (LSI) and vapor Si infiltration [16, 17] according to the state of Si. Liquid Si or vapor Si spontaneously infiltrates the pore structure of raw plants or their carbon templates. The Si source involved in carbothermal reduction of SiO 2 mainly refers to SiO 2 sol [18] [19] [20] . First, the raw biomass or carbon template is generally impregnated with SiO 2 sol once or several times. They are then placed in a hightemperature condition to allow for the formation of SiC. Many previous studies have reported that the two main existing routes can produce SiC ceramics from plant biomasses that have multiple and special properties, such as low density, high surface area to volume, high permeability, and high specific strength [21, 22] . However, the differences between SiC ceramics derived from two main routes have not been recognized clearly. To compensate for this problem, researchers are expected to carry out a study to compare these two different SiC ceramics and to find and determine the effects of different preparation routes or different Si sources on the SiC ceramics.
Rattan is a highly important non-timber forest resource next to wood and bamboo without branches and seasonal rings, which exhibits good processability owing to its low density, light weight, and high toughness [23, 24] . Rattan possesses hierarchical pore distribution and interconnecting pore structure (*300, 6-20, and 1-3 lm), and the total porosity (55-68%) of rattan is higher than those of wood or bamboo [25] . In this context, it is expected that rattan with pore structure would be easier for the infiltration of Si source, e.g., Si powder and SiO 2 sol, and increase the intimate contact area between the carbon source (rattan structure) and Si source, making it is possible to promote the formation of SiC at relatively low temperature, high yield, purity, and porosity [8, 10] . Moreover, rattan-based SiC (RSiC) ceramics are not only synthesized via an environmental-friendly method, but also provide another utilization option for rattan resources. In the past, the processing and utilization of rattan and the preparation of plant-based SiC ceramics have been intensively studied, but investigations into R-SiC ceramics have been limited [26] [27] [28] [29] . Furthermore, the systematical investigation on the effect of different Si sources (Si powder and SiO 2 sol) on SiC ceramics prepared from naturally occurring plant biomass has rarely been addressed. This paper reports on the results of processing of R-SiC ceramic derived from Si powder and SiO 2 sol via one-step pyrolysis. In addition, the one-step pyrolysis achieves that SiC can be obtained directly from the natural rattan infiltrated by Si source without the carbonization of natural rattan to form rattan charcoal before the infiltration of Si source. The paper analyzes the differences between these two SiC samples using relevant phase, element, microstructure, and pore characterization techniques. The effect of the Si source on prepared R-SiC ceramics and the superior Si source is determined.
Materials and methods

Preparation of starting materials
Rattan. Daemonorops Margaritae (Hance) Beccari is the only species in China, which was acquired from Hainan province and used in this study. Air-dried rattans selected randomly were first sawed into 3-5 cm cylinder samples perpendicular to the axial direction, and then chopped into strips parallel to the axial direction. Finally, the samples were milled into powder of about 150 lm. The obtained rattan powders were left untreated and stored as a carbon source for the synthesis of the SiC ceramic.
Si powder provided by Beijing Sinoma Synthetic Crystals Co., Ltd. was well mixed with the rattan powder using a planetary ball mill (Retsch PM-100, Germany) at room temperature at a mass ratio of 7:20 to produce rattan/silicon material. The mass ratio was calculated according to the highest carbon yield (15%) of rattan above 1000°C in preliminary work and the stoichiometric ratio of 1:1 (Si:C) from the reaction: Si þ C ! SiC. SiO 2 sol (20% solid content by weight in this study) was prepared from the mixture of tetraethoxysilane [Si(OC 2-H 5 ) 4 , TEOS], ethyl alcohol [C 2 H 5 OH, EtOH], and distilled water [H 2 O] at a molar ratio of 1:4:4 with the addition of small amount of hydrochloric acid to obtain pH = 2.5. This is the optimal pH for increasing the gelation rate by a sol-gel process as described in the previous studies [30] [31] [32] . The infiltration of silica sol into rattan powder was accomplished via a vacuum-pressure method. Rattan powder and sufficient silica sol were first blended in a glass beaker, which was then placed into a self-made high-pressure reactor kettle and evacuated for 20 min before being held for 1 h. The kettle was then filled with nitrogen (N 2 ) to raise the pressure to 0.8 MPa and held for 2 h. To remove other solvents and promote full condensation and gelation reaction of the SiO 2 sol contained in rattan powder, the infiltrated rattan powder was placed in a constant temperature and humidity chamber at 60°C and 70% humidity. The infiltrated rattan powder was held in this condition for 2 days, and then dried for 2 h at 60°C, and, finally, oven dried at 105°C. Thus, the rattan/silica material was prepared, and the mass ratio of SiO 2 gel/rattan powder (8:11) in this material was calculated through the 15% carbon yield of rattan and the following formula: n ¼ ðm 1 À m 0 Þ=m 0 , where m 0 was the mass of rattan powder before the solgel process and m 1 was the mass of rattan powder after the sol-gel process. The untamped bulk density of rattan/ silicon (324 kg/m 3 ) and rattan/silica (410 kg/m 3 ) materials was determined according to the European standard (EN 725-9-2006) [33] .
Preparation of SiC ceramic
One-step pyrolysis method was used to prepare SiC ceramics, including carbothermal reduction and direct carbonization. The schematic diagram of the experimental procedure used for the preparation of the R-SiC ceramic sample is shown in Fig. 1 . Carbothermal reduction and direct carbonization of two pre-prepared samples, i.e., rattan/silicon (54.7 g) and rattan/silica (50.5 g) material, were, respectively, carried out in a tube furnace at 1500°C under an argon (Ar) atmosphere to form SiC ceramic. Two samples held by an alumina crucible were placed in the tube furnace and heated. To avoid the formation of microcracks in the reactants resulting from the fast heating rate, a multi-step heat treatment process was used. At first, the temperature of the furnace was raised up to 600°C at a heating rate of 5°C/min and held for 1 h to allow complete carbonization of the rattan powder. Next, the temperatures were, respectively, raised to 1100°C at a rate of 5°C/min and 1300°C at a rate 4°C/min. Finally, the reactants were heated at a rate of 2°C/min to the desired temperature (1500°C) and held for 2 h at this temperature to promote full reaction between the C source and the Si source. Subsequently, the furnace was cooled down to room temperature at a programmed cooling rate. The prepared two R-SiC ceramic samples derived from the rattan/silicon material and rattan/silica material were, respectively, recorded as R-SiC Si and R-SiC SiO2 , where the subscripts represent the Si source.
Characterization
Mass changes in the samples during the transformation of rattan/silica source material into SiC ceramic were measured using an analytical balance (sensitivity 0.0001 g, Mettler-Toledo PL303-IC, Switzerland). These values were then used in mass residue calculations. The phase composition and crystallographic structure of SiC samples were determined via X-ray diffraction (XRD, Bruker AV300, Holland), using a nickel filtered Cu K a radiation over the 2h range of 5-90°at a scanning speed of 4°/min. Meanwhile, the elemental analysis of SiC samples was conducted on the X-ray fluorescence (XRF, Shimadzu1800, Japan). The chemical bonds and functional groups of the SiC samples were investigated using a Fourier transform infrared spectroscopy (FT-IR, Nexus670, America) at ambient conditions. The morphology and microstructure of SiC samples were examined under an environmental scanning electron microscope (FESEM, FEI XL-30, America). Meanwhile, an energy dispersive x-ray analysis (EDAX, FEG132-10, America) equipped with FESEM was carried out to determinate the element composition of the SiC samples corresponding to the SEM images. The specific surface area (SSA) of SiC samples was obtained by N 2 physisorption instrument (ASAP2020, America).
Results and discussion
Mass change
The sample masses before and after the one-step pyrolysis were measured. Mass residue was calculated from these mass measurements. This experiment was repeated three times using identical processes and conditions to reduce random error. Figure 2 shows the mass residue of R-SiC Si and R-SiC SiO2 after one-step pyrolysis. The average mass residue of the two SiC samples is almost the same (42.56 wt% of R-SiC Si and 42.45 wt% of R-SiC SiO2 ), indicating the near-equal mass loss ratio. During the formation of the carbon template, the plant biomass exhibited evident mass loss due to the carbonization, as described in [7, 14, 34] . The rattan content of the rattan/silicon material and rattan/ silica material are 74.00 and 57.18 wt%, respectively. In the identical pyrolysis condition, the rattan/silicon material has higher carbonization loss than rattan/silica material during the carbonization of the rattan powder. As a consequence, the carbothermal reduction of SiO 2 occurs in the preparation of R-SiC SiO2 to compensate for the whole mass loss of rattan/silica material and results in the near-equal mass loss ratio of R-SiC Si to R-SiC SiO2 , suggesting the formation of SiC in R-SiC SiO2 . 
XRD analysis
XRD technique was used to investigate the phase evolution during the formation process of SiC. Figure 3 shows the XRD patterns of R-SiC SiO2 and R-SiC Si after one-step pyrolysis. It can be seen from the two patterns ( respectively. In addition, an unconspicuous peak (at 2h = 33.9°) near by the (111) plane of SiC is observed, which is characteristic of the planar defects (stacking faults and rotational twins) of (111) plane in the b-SiC structure [35, 36] . From Fig. 3 , it is obvious that the two patterns have no broad peak in the whole range of 10-80°, which indicates the absence of an amorphous phase in R-SiC Si and R-SiC SiO2 . Apart from the peaks of b-SiC, well-defined crystalline sharp peaks of cristobalite (JCPDS Card No. 39-1425) can also be found in the pattern of the SiC samples, which suggests the existence of crystalline SiO 2 in R-SiC Si and R-SiC SiO2 . From the above results, it can be assumed that reaction temperature (1500°C) was sufficiently high for the formation of crystalline SiC structures, but SiO 2 was not completely consumed. The two XRD patterns show obvious differences between R-SiC SiO2 and R-SiC Si at the range of 20-33° (  Fig. 3) . The pattern (a) of R-SiC SiO2 has three peaks of cristobalite (crystalline SiO 2 ) located at 2h = 22.0°, 28.5°, and 31.5°corresponding to the (101), (111), and (102) planes, while the pattern (b) of R-SiC Si only has a small weak peak of cristobalite positioned around 2h = 22.0°c orresponding to the (101) plane. The difference of cristobalite in Fig. 3 indicates a small amount of SiO 2 in R-SiC Si . The existence of cristobalite in R-SiC Si can be attributed to SiO 2 reserved from the rattan after one-step pyrolysis [8, 27] . The high-intensity peak (2h = 22.0°) and two small peaks of cristobalite in pattern (a) suggest that R-SiC SiO2 contains SiO 2 in large quantities. SiO 2 existing in R-SiC SiO2 originated mainly from the SiO 2 sol besides the rattan. Some of them were not completely consumed by the carbothermal reduction reaction between C and SiO 2 . Furthermore, SiO 2 sol is found to have a higher intake of SiO 2 in the rattan powder than in previously reported for studies of bulk rattan [11, 36] . The higher intake of silica indicates that R-SiC may be prepared at a higher yield. In additionally, XRF technique was used to determine relative content of the concerned elements of R-SiC SiO2 and R-SiC Si . Table 1 shows the effect of different Si source on the relative content of SiC, residual C, and SiO 2 or Si, which supports the XRD analysis.
FT-IR analysis
The chemical bonds and functional groups of the prepared SiC samples were displayed on the FT-IR spectra, as shown in Fig. 4 . It can be observed that the spectra of R-SiC SiO2 and R-SiC Si are extremely similar, implying the Fig. 4 that the peak ascribed to anti-symmetric Si-C stretching vibration is located at 781 cm -1 . This indicates that SiC has been formed [37, 38] . In addition, the extremely weak peak at 1630 cm -1 , characteristic of the vibration of C-C stretching, was observed as well. The weak peak indicates the trace residue of carbon derived from rattan, while the disappearance of amorphous structures in XRD patterns indicates the existence of carbon in less and lower graphitization after a higher high-temperature pyrolysis [39] . The two strong peaks at 1090 and 474 cm -1 , which are assigned to Si-O-Si stretching and anti-stretching vibrations, were also found in spectra (a) and (b), as shown in Fig. 4 , suggesting the existence of SiO 2 in R-SiC Si and R-SiC SiO2 . On peak shape and transmittance, the relative transmittance ratios of SiO 2 /SiC peak of the two SiC samples are almost equal (1.7 of R-SiC Si and 1.5 of R-SiC SiO2 ). In combination with the content of SiO 2 in SiC samples from the XRD analysis results, it can simultaneously demonstrate that R-SiC Si contains SiC in less quantity, while R-SiC SiO2 contains SiC in larger quantity. In other words, SiO 2 sol has a higher yield of SiC than Si powder for the preparation of R-SiC ceramics.
SEM and EDAX analysis
As shown in Fig. 5 , the morphology and element composition of R-SiC Si can be obtained via SEM and EDAX technique. Figure 5a shows the common appearance in R-SiC Si , displaying two entirely different morphology structures: strips and particles. The corresponding highmagnification SEM images of the strips and particles are, respectively, shown in Fig. 5b and c. It can be observed from Fig. 5b that the morphology consists of micron-sized bulk particles and small particles. The small particles not only attach on the surface of bulk particles, but also stack on each other to form large particles of different sizes. The major element composition of the particles is Si, C, P, and O, as shown in Fig. 5d , indicating that the particles composed of SiC and Si incorporation with the much weaker signal intensity of C than Si (Si/C intensity ratio &9.4). It can be concluded that the particles of R-SiC Si contain a small quantity of SiC and abundant residual Si. Figure 5c exhibits a corresponding high-magnification microstructure of the strips morphology, where many round holes with diameters of several micrometers are arranged in columns on the surface. The round holes on the surface of the strips are similar to anatomical structure of rattan and are likely to have originated from the pits on the plant's cell wall or perforations of the vessels [17] . The EDAX spectrum (Fig. 5e ) reveals that the major element composition of strips is C, Si, P, and O. The element type of strips is the same as the particles, but the signal intensity of C is much stronger than Si (Si/C intensity ratio &0.4), indicating that the main composition of strips is SiC and C. The existence of C makes it clear that the liquid melt-Si did not completely infiltrated the rattan powder during the pyrolysis process, resulting in the incomplete silicification of the rattan charcoal and the preservation of the porous morphology [36] . In summary, R-SiC Si mainly consists of SiC, unreacted C, and excess Si, which is similar to those of previous studies [10, 25, 27, 34, 40] . SEM images and EDAX spectrums of R-SiC SiO2 after one-step pyrolysis are shown in Fig. 6 . Compared to the SEM images of R-SiC Si (Fig. 5) , it is worthy of note that several significant changes were observed in the general morphology of R-SiC SiO2 . Figure 6a only shows a single fragmentary morphology of R-SiC SiO2 from a low-magnification SEM image, which is obviously different from Fig. 5a . In general, several morphologies can be found in R-SiC SiO2 from the corresponding high-magnification SEM images (Fig. 6b-e) . One of the morphologies is broken tubular structures in the axial direction of rattan stem. The structures are SiC according to the EDAX spectrum (Si/C intensity ratio &1.2), as shown in Fig. 6f , indicating that the tubular structures of rattan were damaged during the formation of SiC. Some flake structures can also be seen in Fig. 6 Scanning electron microscope (SEM) image of R-SiC SiO2 (a) and the corresponding high-magnification SEM image (b-e) and energy dispersive X-ray analysis (EDAX) spectrum (f-i). R-SiC represents the rattan-base SiC, and the subscripts represent the Si source Fig. 6c , displaying several columns of oval holes on their surface. The flake structures are similar to Fig. 5c of R-SiC Si and it can be assumed that the precursor of the flake structures is perforated plates contained specifically in the vessel. The corresponding EDAX spectrum of the flake structures (Fig. 6g) , in which the Si/C intensity ratio is about 0.6, indicates that the flake structures are composed of SiC and unreacted C. Comparing Fig. 6c , g of R-SiC SiO2 with Fig. 5c , e of R-SiC Si , R-SiC SiO2 in Fig. 6c preserved the pore structure of rattan better than Fig. 5c , and the corresponding Si/C intensity ratio of Fig. 6g is larger than in Fig. 5e , which reveals that the amount of residual SiO 2 in pore structure of R-SiC SiO2 is larger than residual Si in R-SiC Si . In addition, Fig. 6d displays a complete porous structure, which is extremely similar to the natural microstructure of rattan. It can be found from Fig. 6h that the pore structure contains C, Si, P, and O elements and has a lower Si/C intensity ratio (0.4), suggesting the generation of SiC and the existence of more unreacted C. As a result of the above three morphologies, it can be concluded that rattan powder is impregnated by SiO 2 sol better than high-temperature liquid melt-Si.
It was reported that the most obvious and significant aim of SiC ceramics prepared from the natural plant biomass was to mimic the biological cellular morphology in a ceramic microstructure [9, 41, 42] . From the above analysis of the SEM and EDAX results, it can be concluded that R-SiC SiO2 can retain the natural and graceful pore structure of rattan, but most of R-SiC Si was embedded by unreacted Si, resulting in the rare appearance of pore structures derived from rattan powder. This finding is explained by the fact that the SiO 2 sol was able to infiltrate deeper into the rattan powder and had closer contact with cell wall of rattan at ambient temperature, while the liquid melt-Si failed to completely infiltrate into the rattan powder, which leaded to the incomplete reaction between Si and C. In this way, little SiC was synthesized and lots of unreacted Si and C were left over in R-SiC Si , where Si was left on the surface of R-SiC Si , and C was left inside R-SiC Si , resulting in the coverage of the pore structure. Moreover, the unreacted C had a great influence on the porous structures of R-SiC SiO2 , with the porous structures becoming more and more complete with the increase of unreacted C [36, 43] . Due to the high thermal resistance of SiC, these porous R-SiC SiO2 can be applied in hot gas filters in industrial and automobile exhausts, catalyst supports, and porous burners at high temperature [4, 22] . Figure 6e shows a high-magnification SEM image inside the broken tubular structures, indicating two particular morphology structures with the size of several micrometers, i.e., tablet-like e and rod-like structures. The EDAX spectrum (Fig. 6i ) of these two particular morphology suggests that they are SiC according to the Si/C intensity ratio &1.4, which are, respectively, called SiC particles or whiskers in other studies [8] . The particle and whisker may be resulted from the reaction of SiO vapor and CO, which are derived from C ðsÞ þ SiO 2ðsÞ ! CO ðgÞ þ SiO ðgÞ .
In addition, the P and O elements also can be observed from EDAX spectrums of the final R-SiC SiO2 and R-SiC Si, as shown in Figs. 5 and 6. It can be assumed that P element is derived from rattan powder and plays a catalytic role in the formation of SiC, which is consistent with other studies [36] . The O element only comes from SiO 2 after pyrolysis, suggesting the existence of SiO 2 in R-SiC SiO2 and R-SiC Si . The results agree well with the XRD and FT-IR analysis.
Specific surface area analysis
The specific surface area of R-SiC SiO2 , R-SiC Si, and rattan powder is shown in Table 2 . It shows that the formation of SiC can result in a decrease in specific surface area of rattan powder, and the same results occur in other papers [11, 14, 27] . During the transformation from rattan to R-SiC SiO2 and R-SiC Si , the specific surface area decreases from 22.15 to 21.99 and 6.25 m 2 /g, respectively. Furthermore, R-SiC SiO2 possesses a much higher specific surface area than R-SiC Si , mainly due to the coverage of residual Si in R-SiC Si . The results agree well with the above SEM and EDAX analysis.
On the basis of the above results and discussions, a schematic diagram for the formation mechanism of R-SiC SiO2 and R-SiC Si is shown in Fig. 7 . The SiO 2 sol is able to infiltrate deeper into the rattan powder through the pore structure at ambient temperature, thus coming into close contact with cell wall before the formation of SiC. Conversely, Si remains mostly on the surface of the rattan powder, with little of Si coming into contact with the cell wall. With the continuous increase of temperature, the rattan powder was carbonized, infiltrated by liquid melt-Si spontaneously, and reacted with Si and SiO 2 during the formation of SiC. After the formation of SiC, R-SiC SiO2 possessed a porous structure and higher yield of SiC, while most of R-SiC Si was embedded by unreacted Si, resulting in the rare appearance of pore structures and a lower yield of SiC. Therefore, the SiO 2 sol is more suitable for preparing high-yielding porous R-SiC ceramic. Conclusions R-SiC ceramics, R-SiC SiO2 and R-SiC Si , were successfully synthesized using Si powder and SiO 2 sol, respectively. The Si source used had significant effects on compositions and morphologies of final R-SiC SiO2 and R-SiC Si . The two SiC samples both consist of SiC, SiO 2, and unreacted C, but R-SiC Si contains a large amount of unreacted Si. SiO 2 sol has higher impregnation in the rattan powder than Si, but neither of them can completely react with the rattan powder (carbon). Furthermore, the SiO 2 sol has a higher yield of SiC than Si powder during the preparation of R-SiC ceramics. In addition to this, the porous morphology of rattan can remain intact in R-SiC SiO2 , while it is difficult to find in R-SiC Si , resulting in a higher specific surface area of R-SiC SiO2 . The reasons for these differences are mainly due to SiO 2 sol forming closer contact with the rattan cell wall than Si powder before the respective formation of R-SiC SiO2 and R-SiC Si . The rod-like SiC whisker and tablet-like SiC particle can also be found in the pores of R-SiC SiO2 . The biomorphic porous R-SiC SiO2 can be used as filters, catalyst supports, and porous burners at high temperature.
